Tetrapeptides are the smallest model systems that are able to mimic the typical hydrogen-bond pattern in a-helices. They are therefore of particular biological interest, and QM treatments of them have been reported since the late 1990s. 7 The highest levels of theory used in such studies were often conventional or local second-order Møller-Plesset perturbation theory (MP2) with a triple-z basis set. These levels are still popular in recent similar investigations. 8 Of particular relevance to the present work is the extensive study of 100 tetrapeptides by Jiang et al., 9 who evaluated the performance of a large number of QM and MM methods based on MP2/cc-pVTZ reference values.
In the present article, we will demonstrate where potential problems of the MP2 approach combined with finite basis sets might lie when applied to conformers of polypeptides. For this purpose, we selected two systems from the study by Jiang et al. 9 that have the sequence ACE-ALA-X-ALA-NME. ALA is alanine, X is either glycine (GLY) or serine (SER), and ACE and NME stand for acetyl and methylamide groups, respectively (see Fig. 1a ). For each peptide, five conformers have been examined, whose backbone dihedral angles (see ESI †) have been fixed such that they resemble those typically found in parallel (b) and antiparallel (b a ) b-sheets, in right-handed (a R ) and left-handed (a L ) a-helices, and in the common polyproline-II (PP-II) helix. We note that while the two a-helical conformers are stabilised by hydrogen bonds, the backbones of the other three conformers are not (see for example Fig. 1 ). We present results for these biologically interesting tetrapeptide conformations based on a CCSD(T) approach extrapolated to the complete basis-set (CBS) limit. Due to the high cost of CCSD(T) for systems of this size, we estimated the 'true' CBS limit by using an additivity approach, the specific form of which has been shown to provide an accurate and reliable means for describing noncovalent interactions.
5,10-12 MP2/CBS results were obtained first and these values were then corrected for the difference between CCSD(T) and MP2 based on a small basis set (see ESI † for more details). The CCSD(T)/cc-pVDZ 13 calculations were the computationally most demanding and in total they took about 8.3 CPU years on Intel Nehalem 8837 cores (at 2.67 GHz) with 256 GB of RAM and 4 TB of disk.
14 Our high-level relative conformational energies for the two peptides are shown in Table 1 . For the glycine-containing system, the benchmark CCSD(T) ordering of the energies of its conformers is b a , followed by the right-handed a R -helix, the PP-II conformer, the a L -helix and finally the b conformer. Our benchmark results allow an evaluation of less computationally demanding levels of theory (Table 1 and Fig. 2 ). Examination of the basis-set sequence from VDZ to VQZ to CBS for MP2 shows three categories of behaviour. The first category includes the b a and b conformers. Their energy difference is well described by all levels of theory, reflecting their similar structural characteristics. The helical PP-II conformer belongs to the second category. Only a small basis-set dependence is observed and, except for VDZ, MP2 agrees reasonably well with the benchmark value. The third category comprises the two a-helices. For these, we observe a strong basis-set dependence of the relative conformational energies. At the VDZ, VTZ and VQZ levels, these two conformers are incorrectly predicted to be the most stable ones, e.g., a R is lower in energy than b a by 7.3 kJ mol À1 for VTZ. The errors are reduced with increasing basis-set size. At the MP2/CBS level, b a and a R have virtually the same energies, followed by PP-II and a L , whose energies are also close to one another. Our results suggest that the most likely source for the basis-set dependence of the third category is an overstabilisation of the hydrogen bonds for finite basis sets. This is likely to be associated with an intramolecular basis-set-superposition error. Similar behaviour is observed for CCSD(T)/VDZ, indicating that the problem is largely caused by insufficient basis-set size and not inherent to MP2 itself. 15 Addition of diffuse functions has been reported to improve the description of hydrogen bonds. 15, 16 However, in this case the improvement is found to be small (see ESI †), and it is necessary to go closer to the CBS limit to treat hydrogen bonds adequately. Overall, the performance of MP2/CBS is very good, which arises because the added CCSD(T) correction is small for the tetrapeptides that we have examined. One alternative to conventional MP2 is the spin-componentscaled MP2 (SCS-MP2) method, 17 which has been shown to be often more accurate and robust than MP2. 6, 17 However, it is also known that it underestimates the strength of hydrogen bonds, 18 as we clearly see for SCS-MP2/CBS for the a-helices (Fig. 2) . Additional alternatives to conventional MP2 are approaches that explicitly take into account the interelectronic distances in the wave function. We investigate here the MP2-F12 method, 19 which achieves a faster convergence to the CBS limit than conventional MP2. For the present systems, this can already be seen at the double-z level: MP2-F12/VDZ-F12 20 yields relative energies comparable to MP2/CBS (see Table 1 ). MP2-F12/VTZ-F12 results are almost identical to both MP2-F12/VDZ-F12 and MP2/ CBS (see ESI †). The conformational preferences for the serine-containing peptide are similar to those for the glycine system ( Table 1 ). The major difference is the significantly higher relative energy of PP-II, which becomes energetically similar to the b conformer.
Density functional theory (DFT) approximations have become the 'work-horse' of quantum chemistry and it is therefore interesting to also discuss their performance for the present systems. We tested various density functionals that have been shown previously to be accurate for related cases (see ESI †). 6 These DFT calculations were carried out with the VQZ basis set and Grimme's London-dispersion correction DFT-D3. 21 In accordance with previous work, we find the most promising DFT methods to be double-hybrid functionals, 22 which represent a combination of a standard density functional with portions of Hartree-Fock exchange and (SCS-)MP2 correlation. Results for the best-performing double-hybrids, DSD-PBEP86-D3 23 and PWPB95-D3, 24 are included in Table 1 . With a few exceptions, the correct trends of the conformer ordering are predicted for both systems. However, resolving the relative energies of a L and b structures seems to be problematic for the glycine system for both methods, the energy of PP-II is overestimated for both peptides by PWPB95-D3, and DSD-PBEP86-D3 overestimates the energy difference between b a and b in the serine case. Considering that these functionals are among the best currently available, our results show that the tetrapeptide conformers represent a difficult case for current DFT methods. Our assessment of DFT procedures used the estimated CCSD(T)/CBS energies as a benchmark. However, in related previous studies, MP2 energies obtained with finite basis sets have been used as a reference for the evaluation or parameterization of computationally less demanding methods. [7] [8] [9] We demonstrate the importance of the quality of the reference values in Fig. 3 , which shows root-mean-square deviations (RMSDs) for DSD-PBEP86-D3, PWPB95-D3, and M06-2X-D3 25 for the full set of relative energies for the two tetrapeptides. Three sets of reference values are considered: CCSD(T)/CBS, MP2/VTZ, and MP2/CBS. Compared with the CCSD(T)/CBS values, the two double-hybrids have the lowest and M06-2X-D3 the highest RMSDs of the three methods. This picture changes completely when MP2/VTZ is used as the benchmark. M06-2X-D3 would then be interpreted as the most suitable, while the double-hybrid functionals would be considered to be significantly worse. On the other hand, the trends based on an MP2/CBS reference closely parallel those for the CCSD(T)/ CBS case. In summary, our estimated CCSD(T)/CBS relative energies of conformers of two biologically relevant tetrapeptides have allowed an evaluation of the widely-used MP2 approach. We conclude that it is desirable for conventional MP2 calculations of conformational energies to be carried out with large basis sets or at the CBS limit to obtain a balanced description of conformers with and without hydrogen bonds. An efficient way to achieve such results is through the MP2-F12 approach in combination with a small basis set, which yields relative energies very close to the MP2/CBS limit but at a significantly lower computational cost. Provided that the CCSD(T)-MP2 correction is small, MP2/CBS is also close to the CCSD(T)/CBS limit. Dispersion-corrected double-hybrid DFT turns out to be the currently best DFT approach. It provides a useful alternative to conventional MP2 6 but has some shortcomings for the present systems. We hope that our estimated CCSD(T)/CBS energies will be useful for future method development. We gratefully acknowledge funding to L.G. from the German Academy of Sciences ''Leopoldina'' Fellowship Programme (grant number LPDS 2011-11), and to A.K. and L.R. from the Australian Research Council, and generous allocations of computer time from CASCaM, from the NCI National Facility, and from Intersect Australia Ltd.
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